Objective To develop a valid research tool to measure infant respiratory illness severity using parent-reported symptoms.
Results From April 2013 to April 2017, 50 term, 40 late preterm, and 28 extremely low gestational age (<29 weeks of gestation) infants had 303 respiratory illness visits with viral testing and parent-reported symptoms. A range of illness severity was described with 39% of illness scores suggestive of severe disease. Both the COAST score and IRRISS were associated with respiratory syncytial virus infection and hospitalization. Gestational age and human rhinovirus infection were inversely associated with both scoring systems. The IRRISS and COAST scores were highly correlated (r = 0.93; P < .0001).
Conclusions Using parent-reported symptoms, we validated the COAST score as a measure of respiratory illness severity in infants. The new IRRISS score performed as well as the COAST score. (J Pediatr 2019;214: . R espiratory infections are among the most common illnesses encountered in infancy and early childhood. 1, 2 When symptomatic, these infections induce a range of disease severity, from mild congestion to severe respiratory distress requiring hospitalization. Respiratory infections in infancy have also been associated with respiratory morbidity in later childhood suggesting the importance of these infections to health and the need to fully understand how early infections relate to later disease. [3] [4] [5] Much has been learned about the epidemiology of respiratory pathogens causing early life infections owing to the introduction of molecular detection methods. 6, 7 However, there is a significant need for a validated research assessment tool to measure the severity of respiratory illnesses among infants to understand disease risk as well as clinical and biological modifiers of respiratory disease severity. There are no widely accepted research tools to measure illness severity in infants with respiratory infections except those with bronchiolitis. [8] [9] [10] [11] [12] [13] Most respiratory illnesses and infections in infants do not require hospitalization or medical intervention; thus, to measure the full range of respiratory symptom severity, a tool reflecting outpatient symptoms is needed.
Physicians trust parents to be good judges of their child's health and to identify serious symptoms to seek care. Yet, the data for the accuracy of parental reports of respiratory symptoms are mixed. [14] [15] [16] [17] The Childhood Origins of Asthma Study (COAST) developed a scorecard for parents of full term infants at risk for wheezing, asthma, and atopy to quantify respiratory symptoms to alert the study staff of a probable viral infection and the need for a research visit. [18] [19] [20] Although the COAST score has been used as a measure of respiratory illness severity, it has not been fully validated. Additionally, the usefulness in measuring illness severity in preterm infants or those not at risk for atopy or allergy has not been demonstrated previously.
We undertook a large, prospective cohort study of term and preterm infants focused on Prematurity, Respiratory Outcomes, Immune System and Microbiome, the PRISM study (www.urmc.rochester.edu/respiratory-pathogensresearch-center/projects.aspx). One of the aims of PRISM is to identify symptomatic and asymptomatic respiratory infections over the first 2 years of life to understand the effect of repeated infections on respiratory morbidity in early childhood. The ability to measure respiratory illness symptomatology and severity is a key component of this aim and the subject of this report. As such, we first determined the validity of the COAST Scorecard for measuring illness severity in the PRISM birth cohort, including both term and preterm infants, selected without regard to risk of wheezing. As a secondary aim, we developed a new data-driven scoring system of disease severity based on the 10-day illness diary cards kept by parents for the PRISM infants and young children. We compared the new scoring system with the COAST score in an attempt to create a more broadly applicable, sensitive, and specific measure of respiratory illness severity to be used as a tool for research.
Methods
The PRISM study enrollment strategy has been previously published and registered at ClinicalTrials.gov (NCT01789268). 21 Briefly, preterm (<36 weeks of gestation) and term (³37 weeks of gestation) newborns, £7 days of age, born at the University of Rochester Medical Center, Rochester, New York, were eligible for enrollment. Exclusion criteria included airway/chest wall abnormalities, neuromuscular or cardiac disorders (except patent ductus arteriosus or isolated atrial septal defect), genetic disorders of immune system or respiratory function, maternal HIV infection, and nonviability. The Research Subjects Review Board approved the study and all parents provided informed consent.
Study Protocol
Nose and throat swabs were obtained from each newborn on study day 1, weekly during hospitalization, monthly after discharge until 12 months corrected gestational age, and during respiratory illnesses after the birth hospitalization in the first 2 years of life. Additionally, the use of the COAST scorecard was reviewed with each family via a printed diary form before discharge from the birth hospitalization and at each visit. Families were reminded to begin filling out the scorecard and to notify the study team when their child developed respiratory symptoms resulting in a score of ³3 and to continue completing the scorecard daily until 10 days had elapsed or the child's symptoms dropped below a score of 3. [18] [19] [20] The scorecard assigns points to the presence or absence of fever ³100 F, hoarseness, wheezing, retractions, tachypnea, cyanosis, apnea, being ill for >4 days, and the de-gree of cough and rhinorrhea. Maximal possible score is 31 with higher scores indicating more severe symptoms. The PRISM study sought to identify all respiratory infections with the full range of severity so a threshold score of 3 was chosen as a sensitive measure of illness. When parents reported a COAST score of ³3, a study visit was completed and respiratory samples obtained. Staff followed up with families to ensure scorecard completion and also reviewed the 3 days before when a score of 3 was reached, so that the full range of illness was recorded. For participants with baseline respiratory symptoms such as retractions or wheezing, the families were instructed to assign points only when findings were greater than baseline.
Hospitalizations and emergency department (ED) visits were recorded and chart review was completed only for those related to respiratory illnesses. Hospitalizations, ED visits, and research illness visits for respiratory illnesses were included in the analysis only if they occurred within 12 days of a parental COAST scorecard report and had respiratory pathogen testing completed. There had to be a minimum of 12 days between illnesses to count as a new event. The number of ED visits that met criteria were so small they were combined with research illness visits in the analyses. Results of clinical respiratory viral testing were included if obtained from 2 days before to 7 days after the first COAST scorecard entry.
Specimens
Separate flocked swabs (Copan, FLOQSwabs catalog # 525CS01, Copan, Murrieta, California) were used to sample the nares and oropharynx/tonsillar region, combined in 3 mL of Universal Transport Media (UTM, Cat # 330CHL, Quidel [formerly Diagnostic Hybrids], Athens, Ohio), shaken, placed on ice, and transported to the laboratory. 21 Laboratory Methods: Real-Time Polymerase Chain Reaction TaqMan Array Card technology was used as previously described. 21 Targets included influenza A and B; respiratory syncytial virus (RSV); human metapneumovirus, parainfluenza virus 1, 2, and 3; human rhinovirus (hRV); enterovirus, human parechovirus, coronavirus 1-4 (229, NL63, OC43, and HKU1); adenovirus; and human bocavirus. The detection of the human RNase P gene was a positive control confirming the presence of cellular material. 22 
Statistical Analyses
Our first goal was to determine whether we could validate the COAST scorecard in our population of term and preterm infants. In the COAST study the detection of known viral respiratory pathogens was significantly associated with disease severity as measured by the scorecard. 18 Therefore, we used the identification of respiratory viruses as a validation measure. Because hospitalization is also a measure of disease severity, we chose it as an additional validation measure. The associations between the preterm and term cohorts Volume 214 November 2019 and their characteristics, prevalence of hospitalizations, reported illnesses, and viruses identified were explored using the Pearson c 2 test. The same approach was used to evaluate symptoms and validation measures.
COAST scorecard data were summarized by using the maximum COAST score assigned by a parent or the area under the curve (AUC) of the daily score averaged over the full course of illness to control for different lengths of illness. Linear mixed effects regression modeling (LMER) was used to evaluate the associations between the detection of viral infections (RSV, hRV, and any other viral infections combined), hospitalization, and the maximum COAST score or the average AUC COAST score. Random intercepts were included in the model to account for between subject variations. Illness visits with >1 viral pathogen detected were included in the analysis of each virus (RSV, hRV, or other viral infections).
Second, a novel, data-driven approach to severity scoring was developed to more precisely determine the contribution of the clinical information from each symptom to the overall score. With day 1 of reporting (score of ³3) having the most abundant diary data, a factor analysis with polychoric correlation matrix of symptoms reported on day 1 was used to determine the symptom weights for cough, tachypnea, fever, hoarseness, retractions, rhinorrhea, sick for >4 days, and the presence of wheeze as reported on the scorecard. Cyanosis and apnea were rare, so were not considered. A value of 10 was added to each weighted score to produce all positive values. The first factor explained the largest amount of the variance in the data (51.2%) and was used to assign weights to the variables in the new Infant Research Respiratory Infection Severity Score (IRRISS). LMER models were again used to validate the IRRISS with the detection of a viral respiratory pathogen as well as hospitalization as measures of disease severity. Finally, severity scores were calculated similarly but separately for the term and preterm subjects to explore potential heterogeneity among age cohorts, and the performance of each score was compared with the IRRISS and COAST score.
All LMER models were controlled for gestational age at birth, race, birthweight z-score, number of people in the household separated into 3 categories (2-3, 4-6, or 7-10), and a family history of asthma.
Results
From April 2013 to April 2017, 267 newborns were enrolled in the PRISM study including 64 born at <29 weeks of gestation or extremely low gestational age newborns (ELGANs), 84 late preterm (29-<36 weeks of gestation), and 119 term infants (³37 0/7 weeks of gestation). To be included in the analyses, subjects had to have had a minimum of 1 follow-up visit ³1 month after hospital discharge and ³1 illness visit with an accompanying parent reported COAST score and viral testing data. During the study period there were 208 active subjects, 118 subjects (Table I) , had a qualifying illness visit (1-12 per subject) resulting in a total of 346 illness visits. Of these, 303 visits (88%) had matching viral testing and parent reported COAST scorecards that form the basis of this report. Sixteen hospitalizations were included for 13 subjects; 89% of illness visits (269) with a matching COAST Scorecard reported ³3 days of illness symptoms and 70% had ³7-10 days of data. Twelve hospitalizations were in the ELGANS group, 2 in late preterm infants, and 2 in term infants with an overall hospitalization rate that was significantly higher in the ELGANS group (15.2%) than the late preterm (1.9%) or term infants (1.7%; P < .001; Table II ).
There were 249 samples (82%) from the 303 illness visits that had a viral respiratory pathogen identified with 8 viral co-detections including 7 with RSV and hRV and 1 with hRV and human bocavirus ( Table II) . The rate of viral detection at illness visits was significantly greater than at well visits (383 of 1114 well visits [34%]; P < .001). The rate of pathogen detection at illness visits did not differ by gestational age group with 79% of illness visits in the ELGANS, 83% in the late preterm group, and 84% in the term cohort associated with the detection of a viral pathogen (P = .57). In contrast, a respiratory virus was detected at 28% of well visits in ELGANs, 36% in the late preterm group, and 38% of well visits in term babies, suggesting that babies born at <29 weeks of gestation are significantly less likely to have asymptomatic viral respiratory infections (P = .03). The preterm cohorts were also more likely to have rhinovirus-associated illness visits (47% ELGANS and 55% late preterm) than term (39%) infants (P = .05; Table II ). The percentage of illness visits associated with RSV infection was not different between the 3 groups (P = .84; Table II ). In the PRISM study, 75% of ELGANS and 10% of late preterm infants received palivizumab prophylaxis. Of the 79 illness visits in ELGANS, 10 were due to RSV. Four hospitalizations and 5 illness visits occurred in subjects who received palivizumab, with 1 RSV illness visit in an ELGANS subject who had not received palivizumab. Nine illness visits occurred in late preterm subjects who received palivizumab, none of which were due to RSV infection, whereas 15 RSV illness visits occurred in late preterm infants who did not receive palivizumab, 1 of which was associated with hospitalization (Table III ; available at www.jpeds.com).
COAST Score
Seven percent of illness visits had maximum COAST scores of £3, suggesting mild upper respiratory symptoms only. However, 39% of illnesses were associated with a maximal COAST score of >10, implying more severe disease. In general, ELGANS had a greater number of illness visits associated with higher scores (Figure 1) . LMER models were used to examine associations between the detection of viral infections as a measure of disease severity and either the maximal COAST score or the average AUC COAST score. Results focus on the maximum scores for ease of presentation as the maximum scores and average AUC scores provided similar results. We chose to examine the associations with RSV, hRV, and other viral infections because the original COAST study showed an association between the identification of a respiratory pathogen and illness severity. The models were repeated using hospitalization as an alternative measure of construct validity. The presence of RSV in the respiratory sample during an illness visit was positively associated with the COAST score in each model (Table IV and Table V [available at www. jpeds.com]). The detection of hRV was inversely associated with the COAST score (Tables IV and V) . Hospitalization was also positively associated with the COAST score (P < .001). African American race was consistently positively associated with the COAST score and gestational age at birth was inversely associated.
Development of a New Severity Score, the IRRISS Based on the respiratory symptom components of the COAST scorecard, we next performed a factor analysis to develop a data-driven severity scoring system. The aim was to develop an alternative system to accurately summarize the contribution of each respiratory symptom to disease severity to determine if this approach would improve upon the COAST score. Using the new score the associations with viral infection and hospitalization were reexamined.
When developing the new scoring system we initially explored individual associations of symptoms with one another to evaluate the biological plausibility of including each one of the symptoms in the new scoring system. A cluster dendrogram based on a dissimilarity matrix classified the symptoms into 2 main groups-those more associated with lower respiratory tract infection such as retractions and tachypnea compared with those consistent with upper respiratory tract infection (Figure 2 ; available at www. jpeds.com). Pearson c 2 test analyses identified the presence of retractions, tachypnea, and wheeze as significantly associated with hospitalization (Table VI ; available at www. jpeds.com). Cough was associated with the detection of RSV and hRV infection was associated with fever and a longer duration of illness (Table VI) . Viral infections other than hRV or RSV were also associated with fever and hoarseness. Next, a factor analysis was performed to compute weights for each of the 8 symptoms and to derive the new severity scoring system, the IRRISS, with a range of 9-14 ( Figure 3 ; available at www.jpeds.com).
Repeating the LMER models using the IRRISS identified the presence of RSV infection and hospitalization to be positively associated with the IRRISS in both models (Table IV and Table V) . Infection with hRV was inversely associated with the IRRISS when compared with all hRV-negative illness, visits which were predominantly due to RSV and other viral respiratory pathogens (Table VII ; available at www.jpeds.com). Gestational age at birth was also negatively associated with the IRRISS. When comparing the IRRISS and the COAST score, they were highly correlated (r = 0.93; P < .0001; Figure 4 ; available at www.jpeds.com).
A sensitivity analysis was performed to confirm the associations between the IRRISS and COAST scores and hospitalization and specific viral infections with ELGANS subjects removed. RSV infection and hospitalization continued to be significantly associated with both the maximal COAST score and IRRISS with an inverse association with hRV infections. A family history of asthma was now significantly associated with the average AUC of the IRRISS in all analyses.
Next, separate preterm and term infant severity scores were derived in a similar fashion as the IRRISS using factor analysis to determine if symptoms interacted differently between term and preterm infants. In the preterm cohort the COAST score, IRRISS and preterm factor score were consistently associated with RSV infection and hospitalization (P = .022 to P = .028 for RSV infection and P < .001 for hospitalization) and inversely associated with hRV infection (P = .002 to P = .002). Findings were not consistent when the full-term cohort was analyzed separately. There was an association between RSV infection and the maximal IRRISS score, but no association with the maximal COAST score or the maximal term factor score. Hospitalization was significantly associated with the COAST score, the average AUC of the term factor score and marginally significant with the average AUC of the IRRISS (P = .05) in term babies despite few hospitalizations in this cohort. No associations were noted for hRV.
Despite these differences, the separate term and preterm factor scores were highly correlated with the IRRISS score (term score r = 0.97, preterm score r = 1; both P < .001) and the COAST score (term score, r = 0.94; preterm score, r = 0.93; both P < .0001; results not shown).
Discussion
In the PRISM study, we used parent reported symptom data included on the COAST scorecard to signal the need for a respiratory illness research visit and to quantitate the type and degree of symptoms throughout the illness as a measure of disease severity. 18, 19 From these reports, we examined both the validity of the COAST score for measuring respiratory disease severity and developed ex nihilo data-driven severity scores, the IRRSS, and separate term and preterm factor scores, using the presence of RSV, hRV, and hospitalization to evaluate construct validity.
As linear combinations of 8-10 separate symptoms clinically associated with acute respiratory illnesses, the COAST score and the newly derived scores demonstrate face validity. Evaluating individual components of the COAST score, we found associations between hospitalization and specific symptoms associated with lower tract disease. In addition, associations between RSV, hRV, and other viral infections with 7 of the 10 symptoms were identified. The cluster dendrogram linked 8 symptoms together, suggesting a physiologic relationship between them with differences possibly owing to predominant lower airway vs upper airway viral replication and injury. These 8 symptoms were then included in the development of alternative scores for assessing severity of respiratory illnesses up to 24 months of age. We also examined score performance relative to gestational age at birth.
Prior reports demonstrated an association between the frequency of viral detection and the magnitude of the COAST score, categorized as mild (1-4), moderate (5-9), and severe disease (>9), which validated that the score was indeed identifying viral respiratory infections. 18, 23 RSV infection causes more severe respiratory illness with a higher rate of hospitalization than other viral respiratory infections in infants. [24] [25] [26] Houben et al found that term infants with RSV infection had greater disease severity using the COAST score than infants with other viral infections providing preliminary validation of the score. 27 Although modifications of the COAST score have been used in subsequent respiratory disease studies, further efforts to validate the score to measure disease severity have not been reported. 28, 29 Marginal analysis of our data confirmed an association between a COAST score of ³3 and the presence of a viral infection. Multivariate modeling analyses further demonstrated that the maximal COAST score reported over a 10-day period for each illness and the average AUC of the COAST score were both associated with the presence of a symptomatic RSV infection and hospitalization in our cohort. In addition, our analyses consistently identified an inverse association between the COAST score and infection with hRV, as compared with infections with other viruses. This finding is in keeping with hRV infections generally causing milder respiratory disease. 26, 30 The COAST score was also consistently inversely related to gestational age at birth. These data provide validation of the COAST score to measure respiratory disease severity in the first 2 years of life in a new cohort of term and preterm infants.
We further used the symptom components of the COAST score to develop the new IRRISS respiratory severity score. Our aim was to determine if the data would provide more accurate weightings of symptoms in measuring illness severity than the original investigator-assigned symptom weights. Additionally, we sought to develop a more accurate score that would be useful in the research setting with both preterm and term infants without regard to a family history of asthma or atopy, risk factors required in the COAST study. The IR-RISS score demonstrated very good construct validity; it was significantly associated with RSV infections and hospitalization in both the maximal and average AUC scores, similar to the COAST score. Like the COAST score, the IRRISS score was also inversely associated with hRV infections. Separating the cohort into preterm and term sets and estimating individual factor models for each group did not provide consistent results. The COAST score and IRRISS also did not perform as well when applied only to the term infants included in our cohort, which may be due to the smaller number of subjects and illnesses in each group.
Although both the COAST and IRRISS severity scores performed well in our cohort of preterm and term infants, gestational age at birth remained a significant variable in explaining respiratory illness severity, confirming prior reports of prematurity as a risk factor for severe, recurrent, respiratory disease, irrespective of the viral etiology. 29, 31, 32 ELGANS not only had higher hospitalization rates, but they were also less likely to have asymptomatic respiratory viral infections in the current study and had higher COAST and IRRISS scores with respiratory illnesses. An additional consistent finding was that hRV infections were negatively associated with illness severity when compared with illness mostly owing to RSV and other viral respiratory infections. This finding is in keeping with prior reports of generally milder illness in infants with hRV infections, as noted. 26, 30 Although previous research identified hRV as a cause of severe lower respiratory infections in infants, the association with disease severity seems to be due to underlying comorbidities such as prematurity, rather than virus type. 30, 31, 33 The strengths of this study include the prospective, 2-year longitudinal design in a large cohort with state-of-the-art molecular detection methods to identify respiratory pathogens. We also included preterm and term infants in our study without regard to a predisposition to atopy or asthma and were able to evaluate the characteristics of the severity scores on both groups, a novel contribution.
Limitations include relying on caregivers to alert the study team with symptoms of respiratory illness, correctly using the COAST scorecard, and being available for a respiratory illness visit. We attempted to mitigate variability in parent report by frequent, typically monthly, contact and review of illness reporting. Study staff also reviewed the daily scoring of each illness with caregivers at the 10-day mark, which we believe enhanced information recovery and consistency. The staff also specifically taught caregivers the meaning of "wheeze" as chest sounds to be distinguished from upper airway noisy breathing. Despite these interventions, we acknowledge that illnesses may be underreported in our dataset.
Although we did review electronic medical records, we did not include data from hospitalization or ED visits that were missing parent report. Although illness severity could be determined from the electronic medical record, we reasoned that the assessment of symptoms by health care workers is not necessarily comparable with that of parents and should not be included in an analysis of parental reports. We believe partnering with caregivers to identify significant respiratory symptoms is a clinically relevant and feasible approach in a research setting.
Despite these limitations, our data suggest that parentreported symptoms can be reasonably used to score respiratory disease severity in infants. The finding that the COAST score and the IRRISS were highly correlated is not unexpected, because they are based on the same constellation of symptoms. However, the IRRISS assigned weightings to symptoms based upon the data as a means to accurately capture the influence of each symptom on severity. However, these data-driven methods provided only marginal improvement over the original COAST score in this cohort. The ease of use of the COAST scorecard by parents makes it a simple tool for collecting symptom data in studies of respiratory illnesses in the first 2 years of life. Analysis of the PRISM study supports the COAST scorecard as a valid tool for measuring respiratory illness severity in preterm and term infants without regard to risk for atopy and asthma. n Figure 2 . Cluster dendrogram of respiratory symptoms. The dendrogram was created with data from the dissimilarity matrix analyses of respiratory symptoms including wheeze, cough, hoarseness, tachypnea, retractions, sick for >4 days, runny nose and fever. It suggests a physiologic relationship among these 8 symptoms. 
